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Abstract

Near-surface specific humidity (g,) and air temperature (7;) over the global ocean are important
meteorological variables, but they cannot be retrieved directly from remote sensing. Many efforts
have been made to develop algorithms that derive ¢, and 7, from multisensor microwave and/or
infrared observations using in situ measurements as training datasets. However, uncertainty
remains large in the resultant ¢, and 7, retrievals. In this study, 147 moored surface buoys are
used to examine how buoy measured ¢, and 7, are related to satellite microwave brightness
temperature (Tb) on the spatial scale from the warm/humid tropics to the cold/dry high latitudes.
It is found that the Tb — ¢, and Tb — T, relations are structured along two distinct, near-linear
bands, with the primary band in the warm/humid regime and a secondary (weaker) band in the
cold/dry regime. The step-like transition (or separation) between the two regimes occurs at 8 —
10 g kg™ for g, and 14 — 17°C for T,. The evidence suggests that one algorithm may not be
sufficient to extract g, and 7, from Tb in all regimes. Therefore, a high-latitude enhancement is
added to the global algorithm so that the ¢, and 7, retrievals in the dry/cold regime can be
specifically addressed. The new algorithms are applied to 11 microwave sensors, including
SSM/I, SSMIS, and AMSU-A, from 1988 to 2016. Based on the 475,717 buoy collocations
during the 29-year period, the retrieved ¢, and T, have root-mean-square differences of 0.82 g

kg and 0.51°C, respectively.
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1. Introduction

Near-surface air temperature (7,) and specific humidity (g,) over the global ocean are
important meteorological variables. They set one of the driving conditions for turbulent
exchanges of heat and water vapor at the air-sea interface (Stephens 1990; Yu and Weller 2007;
Lorenz et al. 2010), and influence many ocean and atmospheric processes that are central to the
Earth’s weather and climate (Bretherton et al. 2004; Sherwood et al.2010). Water vapor is a
nature greenhouse gas. With the rise of atmospheric temperature in response to the addition of
anthropogenic gases, there are more evaporation of water vapor from the ocean (Yu 2007) and
more absorption of water wavpor in the air (Held and Soden 2006) which further increase
atmospheric temperature. This positive water vapor feedback is regarded as a key driver of the
amplification of any warming caused by changes in atmospheric CO2 (Manabe and Wetherald,
1967; Hansen et al. 1984). Thus, there is a pressing need for well-calibrated, consistent, and
continuous long-term data records for 7, and ¢, to keep tracking variability and long-term
change of the near-surface thermal conditions and to improve the quantification and modeling of
the water vapor feedback.

Measurements of 7, and g, are conventionally obtained at sea by moored buoys and ships
of opportunity, but these observations are sparse in both space and time (e.g. Kent and Taylor
1996; Dai 2006; Willett et al. 2008; Berry and Kent 2009). Space-borne sensors that provide
continuous global coverage would be a desirable observing platform. However, retrieving 7, and
q. at a level of a few meters above the surface proves difficult for the space-borne technology,
because the measured radiation is emitted from relatively thick atmospheric layers rather than
from single levels (Schulz et al. 1993). Making use of satellite measured total column of water

vapor (or total precipitable water (PW)) to estimate g, and 7, at the near surface has been
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actively investigated ever since the pioneer work by Liu and Niiler (1984), Liu (1986; 1988), and
Liu et al. (1991). The Liu studies showed that most of the spatial and temporal variability of
water vapor is confined in the lower part of the atmospheric column. The decoupling of the
atmospheric boundary layer from the higher atmosphere enables the vertical coherence of the
humidity variability, leading to a high correlation between the surface-level g, and the total PW
observed by radiosondes. Liu (1988) indicated that PW measured by scanning multichannel
microwave radiometer (SMMR) on Seasat is similar in form to the PW observed by radiosondes
(Liu and Niiler 1984; Liu 1986), both of which can be used to estimate g, on monthly timescales
with a root-mean-square (rms) error of about 0.4 g kg™ in the tropics and 0.8 g kg™ over the
global ocean. Hsu and Blanchard (1989) examined the PW—g, relation in the context of 13 field
experiments over the oceans, and suggested that the relation should also work for instantaneous
surface humidity retrievals. Subsequent algorithm developments have been particularly boosted
by the availability of a series of Special Sensor Microwave/Imager (SSM/I) onboard the Defense
Meteorological Satellite Program (DMSP) satellites since July 1987, and by the launch of the
Advanced Microwave Sounding Unit-A (AMSU-A) on the National Ocean and Atmospheric
Administration (NOAA) series of polar orbiting meteorological satellites in May 1998. The
SSM/I is a conically scanning microwave radiometer with seven frequency channels. The
AMSU-A is a multi-channel microwave radiometer that performs atmospheric sounding of
temperature and moisture levels by passively recording atmospheric microwave radiation in
multiple wavelengths. A survey of the algorithms that have been developed in the past 30 years
is provided in Table 1.

As shown in Table 1, the algorithm development can be loosely categorized into three

stages. The first stage is represented by the work of Schulz et al. (1993) and Chou et al. (1995),
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who used the SSM/I measurements to first determine the water vapor in the lowermost 500 m of
the atmosphere and then predict ¢,. This approach underscores the fact that for most oceanic
situations, the water vapor in the homogenous atmospheric boundary layer can be related to ¢, by
a simple linear regression (Taylor 1982). The second stage is ushered in by Schliissel et al.
(1995), who proposed a direct g, retrieval from SSM/I Tb in 5 channels (19v, 22v, 37v, 19h, and
37h GHz, with h and v denote horizontal and vertical polarization, respectively). This approach
seems to be able to reduce the error propagation associated with the two-step procedure of
Schulz et al. (1993), leading to an improved g, retrieval. The approach was subsequently
extended to Tb measurements from other platforms including the Advanced Microwave
Scanning Radiometer for EOS (AMSR-E), the WindSat Polarimetric Radiometer, and the
Special Sensor Microwave Imager/Sounder (SSMIS) (Jones et al. 1999; Bentamy et al. 2003;
Jackson et al. 2006; 2009; Kubota and Hihara 2008; Roberts et al. 2010). The third stage features
the use of atmospheric soundings from instruments like the AMSU, the High-resolution Infrared
Radiation Sounder (HIRS), and the Special Sensor Microwave Water Vapor Profiler (SSM/T and
SSM/T-2). The sounders do not directly provide shallow surface measurements, but the detailed
profile information observed by the sounders can help to remove the variability in the total
column measurements that are not associated with the surface. Utilization of microwave and
infrared sounders, with or without microwave radiometers, to estimate g, and 7, has been
explored by Shi (2001), Shi et al. (2012), Jackson et al. (2006; 2009), and Jackson and Wick
(2010).

Ironically, despite the efforts and the progress that have been made, ¢, and 7, remain the
leading error source for satellite-based air—sea heat flux datasets (Curry et al. 2004; Jackson et al.

2006; Prytherch et al. 2015). Jin et al. (2015) conducted a buoy-based evaluation of two satellite-
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derived products: one is the ¢, product by the Goddard Satellite-based Surface Turbulent Fluxes
(GSSTF) v3 (Chou et al. 1995; Shie et al. 2012) and the other is the ¢, and T, products from the
multi-instrument microwave regression (MIMR) by Jackson et al. (2006; 2009) and Jackson and
Wick (2010). Evaluation with the 137 air-sea buoys over the global scale showed that the biases
in g, and T, are strongly regime dependent, featuring warm and wet biases in the tropical
warm/humid region and cold and dry biases in the extratropical cold/dry region. For instance, the
mean difference between MIMR and buoy ¢, changes from a wet bias of 0.8 g kg™ in the tropical
latitudes between 10°S — 10°N to a dry bias of 0.8 g kg™ at high latitudes poleward of 45°. Jin et
al. (2015) eventually obtained an improved analysis on 0.25° resolution through implementing a
buoy-based bias correction to MIMR and GSSTF3 followed by an objective synthesis with the
1°-gridded ¢, analysis produced by the Objectively Analyzed air-sea Fluxes (OAFlux; Yu and
Weller 2007; Yu et al. 2008). However, the extensive use of buoys and OAFlux-1° for bias
correction at both regional and global scales is not a sustainable solution for improving the g,
and T, retrievals.

Esbensen et al. (1993) raised a cautious note about applying the Liu method to the global
scale. When estimating g, from SSM/I observations, they obtained systematic discrepancies of
over 2 g kg™ in the tropics. They postulated that in regions of persistent strong subsidence, most
of the water vapor is trapped near the surface and so the Liu’s method can work reasonably well.
In regions of active convection, a significant amount of water vapor can exist aloft where it is
acted upon by processes that are less correlated with humidity at the near-surface level. Hence,
the Liu method in the tropics and the storm-tracked regions may not work in the same way as
that in the middle and high latitudes. If this is the case, the regime-dependent biases in MIMR

and GSSTF ¢, (and T,) that are identified by Jin et al. (2015) may well be caused by error
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compensations when fitting the regimes that have different vertical structures of water vapor.
The retrieval algorithms for g, and 7, that have been developed so far are based primarily on two
approaches: linear regression (Schliissel et al 1995; Bentamy et al. 2003; Jackson et al. 2006;
2009; Kubota and Hihara 2008) and nonlinear artificial neural network (Jones et al. 1999; Shi
2001; Shi et al. 2012; Roberts et al. 2010). All these algorithms require in situ observations as
reference datasets to train the empirical relationships (or transfer functions) between the input
(Tb) and output (q,, T,). Usually, the relationships are assumed globally valid and applicable to
q. and T, in all regimes. If the findings of Esbensen et al. (1993) hold true, a globally applicable
algorithm would not be sufficient to represent the full range of the relations between Tb and (g4,
T,).

Moored air-sea buoys have been continually deployed in dynamically active regions
since the late 1980s, providing high-frequency research-quality time series measurements over
146 locations globally (Figure 1) (Send et al. 2010). They serve as anchor points for satellite
retrievals (section 2). Therefore, the objective of this study is threefold: (i) to examine the
relationships between satellite microwave Tb observations and buoy measurements of ¢, and 7,
on the global scale (section 3), (ii) to explore an enhancement approach to address the challenges
induced by regime differences (section 4), and (iii) to explore a synergistic strategy for
multisensory retrieval of ¢, and T, starting from 1988 when SSM/I became available (also
section 4). Evaluation with independent buoy measurements is conducted (section 5), and a

summary and conclusion is given (section 6).

2. Data

2.1 Satellite sensors
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This study uses Tb observations from microwave sensor series on the following satellite
platforms: SSM/I sensors (FO08, F10, F11, F13, F14, and F15) and SSMIS sensor (F17) on DMSP
satellites, and AMSU-A sensors (N15, N16, N17, and N18) on NOAA meteorological satellites.
The time line for each of the 11 sensors is shown in Figure 2, and general characteristics of the
11 sensors are summarized in Table 2.

SSM/I was first launched in July 1987 on the DMSP satellite FO8. The instrument has
seven passive channels that sense vertically and horizontally polarized radiation at 19.3, 37.0,
and 85.5 GHz and vertically polarized radiation at 22.2 GHz. It has a 1394 km scanning swath
with a footprint ranging from 13 km to 69 km, depending on the channel and geographic location
(Hollinger et al., 1990). SSMIS is a series of passive microwave conically scanning imagers and
sounders onboard the DMSP satellites. It is designed to combine and extend the imaging and
sounding capabilities of three previously separate DMSP microwave sensors: the SSM/T-1
temperature sounder, the SSMI/T- 2 moisture sounder, and the SSM/I. The SSMIS instrument
measures microwave energy at 24 channels, with 21 discrete frequencies from 19 to 183 GHz
and a swath width of 1700 km. Although 4 SSMIS instruments have flown subsequently since
October 2003, only F17 Tb observations were used. SSMIS F16 has radiance anomalies due to
calibration issues (www.rmess.com), and F18 and F19 datasets were not available when the work
commenced.

The AMSU-A is a cross-track scanner with 15 channels (Goldberg, 1999), with 11
channels (4 through 14) located in the 50-60 GHz oxygen absorption band that is capable of
sampling the temperature of the atmosphere in various layers. It has approximately 50 km spatial

resolution at nadir and a swath width of 2343 km. The Tb observations from SSM/I and SSMIS
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are version 7 products processed by Wentz (2013) and those from AMSU-A by Zou and Wang

(2013).

2.2 Moored surface buoys

Of all 147 moored surface buoys assembled (Figure 1), 68 buoys are from the Tropical
Atmosphere Ocean/TRIangle Trans-Ocean buoy Network (TAO/TRITON) in the tropical Pacific
Ocean (McPhaden et al., 1998), 21 are from the Pilot Research Moored Array in the Atlantic
(PIRATA) (Bourlés et al., 2008), and 28 are from the Research Moored Array for Africa-Asian-
Australian Monsoon Analysis and Prediction (RAMA) in the tropical Indian Ocean (McPhaden
et al., 2009). The remaining 30 buoys that are not associated with the tropical moored arrays are
listed in Table 3. At each buoy location, measurements of air-sea variables (e.g. near-surface
temperature, humidity, wind, barotropic pressure, downwelling short- and/or long-wave, sea-
surface temperature (SST), etc.) are provided at every 10- to 15-min intervals.

Collocated satellite Tb retrievals and buoy measurements of ¢, and 7, were compiled for
2010 to allow examination of the relationships between these variables. The year 2010 was
chosen because it was the time that the South Ocean Flux Station (SOFS) started to operate
(Schulz et al. 2012) and the buoy provides a valuable reference for the southern high latitudes.
There were 125 buoy time series available in 2010, with 117 from the three tropical moored
arrays. The 8 other buoys include the surface mooring at the Kuroshio Extension Observatory
(KEO) (Cronin et al., 2008), the Ocean Station PAPA (OSP) in the Gulf of Alaska (Kamphaus et
al. 2008), the SOFS (Schulz et al. 2012), the Woods Hole Oceanographic Institution (WHOI)
Hawaii Ocean Timeseries Site (WHOTS), the WHOI Northwest Tropical Atlantic Station

(NTAS), the WHOI Stratus Deck regions of the eastern tropical Pacific (STRATUS), and 2
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buoys from the National Data Buoy Center (NDBC) at Stations 46075 (160.817°W, 53.983°N)
and 46085 (142.492°W, 55.868°N).

The development of the retrieval algorithms used 125 buoys in 2010. There are additional
22 buoys that were deployed either before or after 2010, and these buoys plus the 125 buoys
outside of 2010 were taken as independent validation data in the study.

The three tropical arrays carry the Automated Temperature Line Acquisition System
(ATLAS) buoys or TRITON buoys (McPhaden et al., 1998). The WHOI buoys are equipped
with the Improved METeorology (IMET) or Air Sea Interaction-METeorology (ASIMET)
systems (Weller and Anderson, 1996; Moyer and Weller, 1997). A comparison of the ATLAS,
TRITON, and IMET mooring meteorological sensors using a land-based cross-validation
approach showed that the three systems measure to equivalent standards of accuracy (Payne et
al., 2002). The relative humidity (RH) sensors are accurate to +1% RH and air temperature

sensors are better than 0.1°C (Colbo and Weller, 2009).

3. Global relationships between satellite Tb and buoy measured ¢, and 7,

The Tb observations from four vertically polarized channels were used to relate buoy
measured ¢, and 7, with three frequencies (19, 22, and 37 GHz) from SSM/I and SSMIS, and
one (52 GHz) from AMSU-A. The selection is in line with the findings of Jackson et al. (2006)
that these channels are most sensitive to water vapor. Microwave spectroscopy has a weak water
vapor absorption line centered on the 22 GHz (Liu 1988; Wentz 1997), which enables the signal
from the water vapor to be better separated from the signal from the cloud (i.e., dew condensed
water). The 19 and 37 GHz bands are away from the spectral peak and are more absorbent to

water vapor. The AMSU 52 GHz channel is near the characteristic absorption peak of oxygen
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and contains information about the physical temperature of the atmospheric molecules and its
perspective profiles. A combination of the two spectra, water vapor and oxygen, can provide
needed information of water vapor and temperature.

Buoy ¢, and T, are usually measured at a height of 2 — 3 m above the water (McPhaden
et al., 1998; Colbo and Weller, 2009). These ¢, and T, measurements were height adjusted to the
standard 2m using the Coupled Ocean-Atmosphere Response Experiment (COARE) version 3.5
algorithm (Fairall et al. 2003). Accordingly, the reference height for the ¢, and 7, retrievals is set
at 2m in this study. This is different from most satellite retrieval algorithms that use ship-based
measurements as reference and obtain g, and 7, at a height of 10 m (Bentamy et al. 2003;
Jackson et al. 2006; 2009; Kubota and Hihara 2008; Roberts et al. 2010; Shi et al. 2012). The 2
m ¢q, and T, have the advantage of making a direct comparison with the atmospheric reanalysis,
as atmospheric models output the two variables at the 2-m height.

Collocated satellite Tb retrievals and buoy measurements of g, and 7, were compiled for
the year of 2010. Three sensors were in operation in 2010 (Figure 2), SSMIS F17, AMSU-A
N15 and N18. To illustrate the spatial distribution of Tb variability, daily Tb fields from F17 19,
22,37, and N15 52 GHz are shown on January 1%, 2010 (Figure 3). These daily fields were
constructed from ascending and descending passes associated with each channel. Our calculation
shows that SSMIS provides 84% of daily coverage over the global ocean and AMSU-A provides
97%. The spatial patterns of Tb from the three SSMIS channels all look similar, but the
magnitude of Tb is largest at 22 GHz because the weak water vapor absorption line near the 22
GHz is the best place for observing emission from the lower atmosphere. The AMSU measures

the atmospheric temperature profiles at channels near 60 GHz, which is an oxygen absorption
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line. The ASMU-A Tb at 52 GHz is known for its sensitivity to temperature near the surface (e.g.
Jackson et al. 20006).

To collocate satellite Tb measurements with buoy ¢, and 7, measurements, we used a
time and space window of 90 mins and 50 km. The space-window of 50 km is selected on the
basis of spatial resolution of the sensors. The spatial resolution is 50 km for AMSU, and 28 — 43
km for SSM/I and SSMIS (Zou and Wang 2013; Wentz 2013). The collocation times were based
on the local overpass time of the sensor. The DMSP polar-orbiting satellite F17 has local
ascending overpass times at 6:25 pm. The NOAA polar-orbiting satellites fly Sun synchronous
orbits, with local ascending overpass times of ~2 pm for N18 and ~7 pm for N15 in 2010. F17
and N15 can be collocated within the time window of 90 mins, while the 2 pm N18 does not
collocate with either of them. To ensure the coherence in observed variability between sensors,
only F17 and N15 were taken as reference data. A total of 31,793 buoy-SSMIS collocations and
36,291 buoy-AMSU-A collocations were obtained. The triple collocations between buoy, SSMIS,
and AMSU-A totaled 17,975. Note that the search period for the satellite-buoy collocations were
limited to the year of 2010 at all buoy sites except for SOFS. As the buoy at the latter site was
deployed in March 2010, the search period was extended to February 2011 to make it a full year.

The scatter diagrams of the Tb—g, collocations (Figure 4) are used to examine how the
two variables correlate on the global scale. Strikingly, two bands of the Tb—q, relation are
displayed at all four frequencies, with a primary band in the humid regime (i.e., buoy ¢, higher
than 10 g kg™) and a secondary (weaker) band in the dry regime (i.e. buoy g, lower than 8 g kg™).
For each regime, the Tb—g, relation is near linear at 22 and 52 GHz channels, showing that Tb is
most sensitive to the near-surface humidity at the spectral peaks of water vapor and oxygen. At

19 and 37 GHz channels, the relation is near linear in the dry regime but highly nonlinear in the
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highly humid regime. The increase of Tb with g, hits a plateau when ¢, reaches ~ 20 g kg', and
¢. remains little changed with further increase in Tb.

The step-like regime shift in the Tb—g, relation is equally featured in the scatter diagrams
of the Tb—T7, collocations (Figure 5), with one band in the warm regime (i.e. buoy 7, higher than
17°C) and the other in the cold regime (i.e. buoy 7, lower than 14°C). The transition between the
warm and cold regimes occurs for 7, in the range of 14—17°C, which is more distinct and step-
like than the transition between the humid and dry regimes (Figure 4). In the cold regime, the
relationship between the two variables is generally linear though the scatter is wider. On the
other hand, the outstanding features that are identified in the Tb—g, scatter diagrams are also
observed. For instance, the 22 and 52 GHz channels produce a more linear Tb—7} relation than
the 19 and 37 GHz channels. The Tb—T7, relation has a plateau when 7, exceeds 26°C, where
further increase in Tb is not accompanied by an increase in 7.

These patterns of the Tb—g, and Tb—T}, relations (Figures 4-5) are in good agreement with
the patterns derived from ship reports that were constructed by Jackson et al. (2006). However,
the step-like shift in the Tb—g, and Tb—T, relations between the tropical warm/humid and the
higher-latitude cold/dry zones are more vividly captured by buoy measurements in this study.
The regime-dependent shift in the relation indicates that a global model is not sufficient to

represent the characteristics of the relation in each regime.

4. A global retrieval algorithm with high-latitude enhancement

4.1 The retrieval strategy

In the literature (see Table 1), two general methods are used to develop the Tb-based

retrieval algorithms: a multivariate linear regression (e.g., Schliissel et al. 1995; Bentamy et al.
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2003; Kubota and Hihara 2008; Jackson et al. 2006; 2009) and ANNs (e.g., Jones et al. 1999; Shi
2001; Roberts et al. 2010). ANNs are nonlinear models (or transfer functions) that are trained to
extract hidden structures and relationships in data, have gained broad applications to retrieving
various geophysical parameters (Thiria et al. 1993; Krasnopolsky et al. 1995). The types of
model most often used by ANNS are the logistic sigmoid function and the hyperbolic tangent
function (a tanh function), both of which feature a characteristic S-shaped curve.

The Tb—g, and Tb—T}, relations (Figures 4-5) are dependent of the thermodynamical
regimes of the near-surface properties (Esbensen et al. 1993). The relations in the warm/humid
regime not only depart from the relations in the cold/dry regime but also differ in linearity and
sensitivity. In this case, an S-shaped mathematical function is not able to capture the complexity
of the relationships. Special treatment needs to be given for the cold/dry regime at higher

latitudes.

4.2 A high-latitude enhanced global retrieval algorithm

To better address the regime-shift in the Tb—q, and Tb—T7, relations, we propose a three-
step retrieval approach. The first step is to construct a global model, the second step to construct
a model for the high-latitude cold/dry regime, and the third step to obtain a high-latitude
enhanced global retrieval algorithm through merging the two models. The retrieval model is
based on the second-order polynomial regression and the formulation can be expressed as

follows:

4

da= ) (@0 + @mThp + by n(Thy)?) )

m
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4

To= ) (az0 + GumThp + by (Thy)?) 0

m

where m=1,..4 denotes the four channels (19v, 22v, 37v, and 52v GHz), and @ and b are the
polynomial coefficients for regressing Tb from the four channels to ¢, and 7,, respectively. All
coefficients were determined by the 125 buoy time series in 2010, except for the SOFS buoy
where the period of March 2010 to February 2011 was used (Table 3).

The three-step procedure is executed as follows. Equations (1)-(2) are used for both the
global model (hereafter GM; Step 1) and the high-latitude model (hereafter HLM; Step 2), and
the only difference between the two models is the training of the polynomial coefficients. For the
GM, the 125 buoy time series in 2010 were all used, while for the HLM, only four buoy time
series were taken. The four buoys are SOFS, OSP, NDBC 46075 and 46085 (Table 3) that are
located poleward of 40° latitude. The coefficients a and b that were trained for the two sets of
models are listed in Table 4.

Once the two models are obtained, the next step (Step 3) is to produce two sets of ¢, and
T, daily mean fields that correspond to the respective GM and HLM. The two sets of daily fields
are then merged over the transition zones depicted by the scatter diagrams (Figures 4-5). The
transition zone occurs around 8-10 g kg™ for ¢,, and 14-17°C for T,. Hence, the three-step

approach can be designed as follows.

x(GM), if x=xl
x = x(HLM), if x <xu (3)
x(GM)Xa + x(HLM)x(l— a), if xl<x<xu

where x denotes ¢, or 7,. We define a = (X — x[)/(xu — xI), where x is the average of x(GM) and
x(HLM), and xu (x/) is the upper (lower) bound of the transition zone. A flowchart of the three-

step approach is shown (Figure 6).



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

Production of the daily-mean ¢, and 7, fields on 01 January 2010 is illustrated (Figures
7a-f) to provide some insights on how the three-step approach is used. On each day, two sets of
q. and T, fields are produced on each day in correspondence to the GM and HLM, respectively,
but neither field is used on the global scale. The GM-based g, and 7}, are cut off at the lower
bound of the transition zone, which is set at 8 g kg™ for ¢, and 14°C for T, (Figures 7a,d). The
HLM-based estimates are cut off at the upper bound of the transition zone, which is set at 10 g
kg™ for ¢, and 17°C for T, (Figures 7b,e). Using Eq.(3), the two sets of estimates are combined

over the transition zone, leading to the merged global daily-mean ¢, and 7, fields (Figures 7c,f).

4.3 Assessment of the g, and T, estimates in the extratropical oceans

Our use of the three-step approach aims to improve the estimates of g, and 7, in the less
humid and less warm extratropical region, where one Tb retrieval can fit into both GM and HLM
(Figures 4-5). To assess the improvement made by the three-step approach, we evaluated the g,
and 7, retrievals produced at two buoy sites, OSP (145°W, 50°N) and KEO (144.6°E, 32.4°N)
(Figures 8—11). At each site, buoy measurements were a reference for three sets of ¢, and 7, time
series: those derived from the GM, the HLM, and the merge of the two. Station OSP is located in
the higher latitude cold/dry regime, where buoy measured g, was mostly below 10 g kg', which
is the upper bound of the transition zone (Figure 8). It can be seen that the GM does not work
well at this site, where the ¢,(GM) time series is weakly underestimated in the drier regime (g, <
8 g kg') between Days 1 and 120 and largely overestimated in the more humid regime (¢, > 8 g
kg') between Days 150 and 250. By comparison, the HLM works better. The ¢,(HLM) time
series (Figure 8b) has an overall good performance against buoy time series except for the period

(Days 150-250) when ¢, gets into the transition zone (i.e. ¢, > 8 g kg™). Following the three-step
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approach outlined in Eq.(3), we used ¢,(HLM), not ¢,(GM), for ¢, < 8 g kg, and combined the
two sets of estimates for ¢, > 8 g kg™'. The resultant ¢, time series (Figure 8c) represents an
improvement over both ¢,(HLM) and ¢,(GM).

The T, time series at Station OSP was produced in a similar manner: 7,(GM) (Figure 9a)
is not used except for 7, > 14°C, where it is combined with 7,(HLM) (Figure 9b) to produce an
improved 7 in the transition zone (Figure 9c). Clearly, the GM and HLM perform well in each
designated regime, but neither of them are desirable in the transition zone. When the two models
are combined, they do lead to improved ¢, and 7, estimates over the full range of values.

The climate at the KEO buoy site is different, as the buoy is located in a western
boundary current region. In 2010, buoy measurements were available from Days 100 to 280,
during which ¢, was predominantly greater than 8 g kg™ (Figure 10a). In this humid regime,
q.(HLM) is poorly produced while g,(GM) performs well (Figures 10a—b), and the final ¢, is
estimated primarily by the GM according to Eq.(3). It is seen that HLM is nonresponsive for g,
greater than 10 g kg™ (Figure 10b), because the HLM is trained by four buoys located in the
cold/dry regime. Hence, the HLM works only in the dry/cold regime, and has no skill in the

warm/humid regime.

4.4 Treatments for SSM/I-based retrievals for the pre-AMSU period

AMSU-A was available only after October 1998 (Table 2), and so the retrieval of ¢, and
T, for the pre-AMSU period needs to be obtained from the SSM/I sensors (Figure 2). The

second-order polynomial fitting algorithms in Egs. (1)-(2) are then revised as follows:

3
G = Z(aL0 + @y mThp + by (Th)?) @
m



389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

3
T, = Z(az,o + @y Thm + by (Thm)?) + a5 557SST + by 557 (SST)?) 5)

m

where m=1,2,3 denotes the three SSM/I channels (19v, 22v, and 37v). Compared to Egs. (1)-(2),
the main difference is the inclusion of SST in the 7}, retrieval model (Eq. (5)). The use of SST
serves two purposes. One is to increase the daily coverage of SSM/I sensors and the other is to
improve the accuracy of the SSM/I-based 7}, retrievals (e.g. Jackson and Wick 2010). The
algorithm was trained by the same set of buoy time series in 2010 but excluding AMSU-A Tb in
the algorithm (Figure 6). The new set of coefficients is provided in Table 5.

The retrievals derived from SSM/I only sensors might differ from those derived from the
combined use of SSM/I and AMSU-A. To address this issue, two sets of retrievals were
examined, with one produced using the SSM/I+AMSU-A and the other using SSM/I only
algorithms. The mean differences between the two sets of retrievals for the three years 2000 —
2002 were shown (Figure 11). For g, (Figures 11a,b,c), the differences between the two mean
fields are distributed in zonal bands with alternating signs. Compared to g,(SSMI),
q.(SSMI+AMSU-A) tends to be lower (i.e. drier) in the mid-latitudes (25—45° North and South)
and higher (i.e. wetter) in the tropical and higher latitudes. In addition, in the coastal regions off
California, Peru, and Benguela, the differences between ¢,(SSMI+AMSU-A) and ¢,(SSMI) are
particularly pronounced, exceeding 0.5 g kg™'. For T, (Figures 11e,f,g), the pattern of the
differences between 7,(SSMI+AMSU-A) and 7,(SSMI) shows similar spatial structure.

For both ¢, and T,, the spatial pattern of the differences has only a slight year-to-year
variation. The time series comparison (Figure 12) shows that the gap between the SSM/I only
and the SSM/I+AMSU-A retrievals is essentially near-constant for the overlapping 2000-2002
period. This suggests that the mean difference pattern averaged over the three-year period

(Figures 11d,h) could be used as a reference to level the mean difference of the pre-AMSU
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retrievals. The adjustment enables the merge of the pre-AMSU period to produce an 11-sensor
based time series for g, and T, retrievals from 1988 to 2016. The 29-year averaged global
distribution of the retrieved g, and 7, in January, July, and annual mean (Figure 13) shows the
seasonal contrast of the warm/humid regime in the tropics and the cold/dry regime at higher

latitudes.

5. Error statistics based on 147 buoys

The buoy time series measurements served two tasks in developing the three-step
retrieval approach: training the empirical relationships prescribed in the retrieval algorithms
(Egs.(1)-(5)), and validating the g, and T, retrievals. The first task used 125 buoy time series
collected in 2010, and the second task used 147 independent buoys outside 2010 (Figure 1). To
provide a complete assessment of the g, and 7, daily global fields retrieved from 11 sensors over
the 29-year period, the 147 buoy time series in all available periods are used to evaluate the
statistical properties of the two retrieved products. Summary plots of the buoy-based statistical
properties of the retrieved g, and 7, daily products were constructed (Figures 14-15).

The mean retrieved-minus-buoy differences, which are a measure of bias in products,
were constructed at the 147 buoy locations by averaging over the available measurement periods
at each location (Figures 14a-b). The bias in ¢, is generally small, within £0.5 g kg™ at most sites,
including the eastern equatorial Pacific, the south Indian Ocean, the North Atlantic, and the
higher Northern and Southern latitudes. Large mean differences, with magnitude exceeding 0.5
g kg™, occur in regions of the equatorial central Pacific and Atlantic Oceans, and also the Bay of
Bengal. These large differences are associated with a highly humid regime where ¢, is usually

greater than 18 g kg' (Figure 13a). By comparison, the bias in 7, is small, within +0.3°C, at
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almost all locations. The standard deviations (STD) of daily differences between retrieved and
measured values are generally in the range of 0.5-1.0 g kg™ for ¢, and 0.3—0.5°C for T, (Figures
14c-d). The correlation coefficients between retrieved and measured daily g, time series are high,
greater than 0.8 at all locations. The correlation is even higher for 7, exceeding 0.9 at most sites
(Figures 14e-f).

The overall statistical properties of the retrieved ¢, and 7, daily values at all buoy sites
are summarized in two scatter plots that were constructed from a total of 475,717 collocations
(Figures 15a-b). The mean differences (biases) of the retrieved ¢, and T, are —0.29 g kg™ and —
0.13°C, respectively. The STD differences of the retrieved ¢, and T, are 0.77 g kg™ and 0.50°C,
respectively. The root-mean-square (rms) differences are 0.82 g kg™ for the retrieved ¢, and
0.51°C for the retrieved T,. The respective correlation coefficients with the buoy counterparts are

high, 0.94 for ¢, and 0.98 for 7.

6. Summary and conclusions

This study uses buoy measurements to show that the Tb—¢q, and Tb—7, relations differ
between the warm/humid tropics and the cold/dry high latitudes and to develop new retrieval
algorithms to address the regime dependence. It is found that the Tb—¢g, and Tb—T7, relations are
structured along two distinct, near-linear bands, with a primary band in the warm/humid regime
and a secondary (weaker) band in the cold/dry regime. The step-like transition (or separation)
between the two regimes occurs at 8—10 g kg™' for ¢, and 14—17°C for T,. The evidence suggests
that one algorithm may not be sufficient to extract g, and 7, from Tb in all regimes. Therefore,
we propose to add a high-latitude enhancement to the global algorithm so that the g, and 7,

retrievals in the dry/cold regime can be specifically addressed. This leads to the development of a
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three-step retrieval approach. The first step is to construct a global model, the second step to
construct a model for the high-latitude cold/dry regime, and the third step to merge the two
models to create a high-latitude enhanced global retrieval algorithm. Both the global and the
high-latitude retrieval models are based on the second-order polynomial regression, and the
difference between the two models is how the regression coefficients are trained. Buoy
measurements in 2010 are used as the training datasets. The global model is trained with 125
buoy time series that are available in 2010, and the high-latitude model is trained with 4 buoys
that are located poleward of 45° latitude north and south. The merge of the two models is
conducted in the respective transition zone for g, and 7.

The new algorithms are applied to 11 microwave sensors from SSM/I, SSMIS, and
AMSU-A between 1988 and 2016. Since AMSU-A was not available before 1998, the ¢, and 7,
retrievals based on SSM/I only are slightly higher than those retrievals derived from
SSM/I+AMSU. Our experiments show that the difference pattern has little change from year to
year, and hence an ensemble mean difference pattern is applied to level down the g, and 7,
retrievals before 1998.

The buoy time series measurements served two tasks in developing the three-step
retrieval approach: training the empirical relationships prescribed in the retrieval algorithms and
validating the ¢, and 7, retrievals. The first task used 125 buoy time series collected in 2010, and
the second task used 22 independent buoys that were deployed either before or after 2010. To
provide a fuller assessment of the g, and 7, daily global fields retrieved from 11 sensors over the
29-year period, the 147 buoy time series in all available periods are used to evaluate the

statistical properties of the two retrieved products. On the basis of the 475,717 buoy collocations
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during the 29-year period, the retrieved ¢, and 7, have root-mean-square differences of 0.82 g
kg and 0.51°C, respectively and a mean bias of —0.29 g kg™' and —0.13°C, respectively.

As expected, the global algorithm with the high-latitude enhancement shows improved g,
and T, retrievals at high latitudes. Nevertheless, the Tb—g, and Tb—T, relations are more complex
than we could cover in this study. The Tb—g, and Tb-T7, plateaus at very warm (7, > 26°C) and
very humid (¢, > 20 g kg™) conditions need to be further investigated and better represented in
the retrieval algorithm. However, these conditions are generally associated with tropical
convective activities. As pointed out by Esbensen et al. (1993), the Liu method (1986) in the
tropics and the storm-tracked regions may not work in the same way as in the middle and high
latitudes because in regions of active convection, significant amounts of water vapor can exist
aloft where it is acted upon by processes that are less correlated with the humidity at the near-
surface level. Whether there are ways to improve the ¢, and 7, retrievals in the convective

regime are yet to be fully determined.
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Figure captions

Figure 1. Locations of 147 moored surface buoys. The 121 red squares denote that the
measurements made by those buoys in 2010 were used as training datasets for the global model,
while the 4 red squares with black edges located at high latitudes were used as training datasets
for the high latitude model. The 22 blue squares denote that the measurements at these
locations were made either before or after 2010 so that they can be used as independent
validation datasets.

Figure 2. Timeline and duration of the 11 sensors used in the study.

Figure 3. Daily-mean fields of brightness temperature (Tb) on 01 January 2010 observed by
SSMIS F17 channels at (a) 19 GHz, (b) 22 GHz, (¢) 37 GHz, and AMSU-A channel at (d) 52
GHz. The daily mean fields are the average of the ascending and descending passes.

Figure 4. Scatter diagrams of buoy measured g, versus Tb from SSMIS F17 channels at (a) 19
GHz, (b) 22 GHz, (¢) 37 GHz, and AMSU-A channel at (d) 52 GHz. The diagrams are based
on a total of 31,793 tri-collocations between buoy, SSMIS, and AMSU-A that are constructed
in 2010.

Figure 5. Same as Figure 4 but for buoy measured 7.

Figure 6. A flowchart of the three-step procedure that incorporates a high-latitude enhancement
into the global retrieval algorithm.

Figure 7. An illustration of how the three-step procedure works using the data generation on 01
January 2010 as an example. The ¢, fields produced by (a) the global model (GM), (b) the
high-latitude model (HLM), and (c¢) merge of the GM and HLM. The 7, fields produced by (d)

the global model (GM), (e) the high-latitude model (HLM), and (f) merge of the GM and HLM.
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Figure 8. Examining the performance of the GM, HLM, and the merged approach for ¢,
retrievals using buoy measurements at Ocean Station PAPA 145°W, 50.0°N. Time series
comparison for (a) GM, (¢c) HLM, and (e) the merged, and the scatter diagrams of buoy versus
(b) GM, (d) HLM, and (f) the merged.

Figure 9. Same as Figure 8 but for 7.

Figure 10. Same as Figure 8 but for ¢, at the KEO site 144.6°E, 32.4°N.

Figure 11. Using SSM/I sensors to retrieve g, (left) and 7, (right) with and without AMSU-A.
The mean differences between the two g, patterns in (a) 2000, (b) 2001, (c) 2002, and (d) the
three-year mean. The mean differences between the two T, patterns in (e) 2000, (f) 2001, (g)
2002, and (h) the three-year mean.

Figure 12. Annual-mean time series of SSM/I-only retrievals (red line), SSM/I+SSMIS+AMSU
retrievals (black), and the mean-adjusted SSM/I-only retrievals (grey) for (a) ¢, and (b) 7,

Figure 13. Time-mean fields of the retrieved g, in (a) January, (b) July, and (c¢) annual mean, and
the retrieved 7, in (d) January, (e) July, and (f) annual mean. The mean fields are constructed
for the period 1988-2016.

Figure 14. Statistical properties of the retrieved g, and T, daily products evaluated at the 147
buoy locations. Retrieved-minus-buoy differences averaged over the available measurement
periods for (a) g, and (b) T,, the standard deviations of daily retrieved-minus-buoy differences
for (¢) g, and (d) 7,, and the correlation coefficient between retrieved and measured daily time
series for (e) g, and (f) 7.

Figure 15. Scatter plots of the retrieved versus observed parameters for (a) specific humidity at
2m (g,) and (b) air temperature (7,,) based on buoy time series measurements at 147 locations

for the period 1988 —2016.
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Table 1. Summary of the Qa/Ta algorithms developed in the past 30 years

Sensors Retrieval Training Retrieval
Algorithm Methodology for ¢, data Methodology for 7,
. First algorithm to relate ¢, to Radiosonde
Liu (1986) 1AVAY soundings NA
Obtained from surface
Liu (1988) SSM/I N/A Radlospnde mixing ratio assuming a
soundings constant relative
humidity of 80%
Linear regression using IWV .
Schulz et al. SSM/I | in the lower 500m boundary Radlospnde N/A
(1993) soundings
layer.
EOF-based approach using .
Chou et al. SSM/I | IWV in the lower boundary Radlospnde N/A
(1995) soundings
layer.
Schluessel et Linear regression using Tb Radiosonde
al. SSM/1 | from five channels (19v, 22v, soundines N/A
(1995) 37v, 19h, and 37h). g
Jones et al First neural network approach OISST Simultaneous]
: SSM/I | using SSMI/I TWV and NCEP (NCEP U tancousty
(1999) . retrieved
SST. version)
Similar to Schluessel et al. .
Bentamy etal. | govir | (1995) but using a 4-channel Ship N/A
(2003) . observations
regression (no 37v)
Kubota and Similar to Schluessel et al. NCEP and
Hihara (2008) AMSR-E | (1995) 'but using a 12-channel Shlp' N/A
regression observations
Shi (2001) AMSU- N/A NCEP Neural network
A approach
AMSU-
Jackson et al. A Multivariate linear reeression Ship Simultaneously
(20065 2009) SSM/1 & Observations retrieved
SSM/T-2
Shi et al. ECMWF Simultaneously
2012) HIRS Neural network approach and ships retrieved
Research .
Roberts et al. Simultaneously
2010; 2012) SSM/I | Neural network approach Vessels and retrieved
uoys
AMAS uU- A 4-Channel nonlinear Simultaneously
This Paper SSM/I regression with high-latitude Buoys retrieved
enhancement
SSMIS
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Table 2. List of satellite sensors used in the study

Sensor Period Channel Swath Daily
in use in use Width | coverage
01/01/88 -
SSM/I FO8 12/31/91
12/31/90 -
SSM/I F10 08/31/97
12/01/91 -
SSMIFI 03/01/00 19v
22v 1394 km | 74.5%
05/01/95 - 37v
SSM/LF13 11/01/09
05/01/97 -
SSM/1 F14 12/01/05
12/01/99 -
SSM/I F15 12/31/05
01/01/07 - 0
SSMIS F17 1231/16 19v, 22v,37v | 1700 km | 83.5%
10/01/98 -
AMSU-A N15 1231/16
01/01/01 -
AMSU-A N16 12/31/06
52v 2343 km | 96.9%
06/01/02 -
AMSU-A N17 12/31/03
05/02/05 -
AMSU-A N18 1231/16
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Table 3. List of the 30 buoys that are not associated with TRITON/TAO, PIRATA, and RAMA

Buoy

Location

Period used in study

Arabian Sea

61.5°E, 15.5°N

10/16/94 — 10/19/95

ARC

30.0°E, 38.5°S

12/01/10 — 03/08/11

ASREX091

132.0°W, 49.2°N

11/01/91 — 01/06/92

ASREX93

69.7°W, 33.9°N

12/15/93 — 03/23/94

Bay of Bengal

89.5°E, 18.0°N

12/08/14 — 01/29/16

CLIMODE

65.0°W, 38.0°N

11/14/05 — 02/08/07

CMO

70.5°W, 40.5°N

07/31/96 — 06/12/97

TOGA COARE

156.0°E, 1.8°S

10/22/92 - 03/03/93

KEO

144.6°E, 32.4°N

06/16/04 — 12/31/16

MLMLI1

20.8°W, 59.5°N

04/30/91 — 09/05/91

NTAS

51.0°W, 14.8°N

03/31/01 — 12/31/16

PACS(n)

125.4°W, 9.9°N

04/30/97 — 09/13/98

PACS(s)

124.6°W, 2.8°S

04/21/97 — 09/19/98

PAPA

145.0°W, 50.0°N

06/08/07 — 12/31/16

SESMOOR

61.2°W, 42.5°N

10/18/88 — 03/07/89

SMILE

123.5°W, 39.6°N

11/15/88 — 05/14/89

SOFS

142.0°E, 46.8°S

03/17/10 — 12/24/12

SPURS

38.0°W, 24.6°N

09/14/12 - 09/30/13

Stratus

85.0°W, 20.0°S

10/08/00 — 12/31/16

WHOTS

158.0°W, 22.8°N

09/15/04 — 12/31/16

Subduction

34.0°W, 33.0°N

06/19/91 — 06/20/93

Subduction

22.0°W, 33.0°N

06/19/91 — 06/20/93

Subduction

29.0°W, 25.5°N

06/19/91 — 06/20/93

Subduction

22.0°W, 18.0°N

06/19/91 — 06/20/93

Subduction

34.0°W, 18.0°N

06/19/91 — 06/20/93

00l SO

89.2°W, 54.4°S

12/17/15 = 11/28/16

OOI Argentine

42.6°W, 42.9°S

11/14/15 - 11/08/16
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OOI Irminger Sea

39.5°W, 59.9°N

09/13/14 - 01/25/16

NDBC 46075

160.8°W, 53.9°N

05/08/04 — 12/31/16

NDBC 46085

142.5°W, 55.9°N

05/05/07 —12/31/16
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Table 4. Regression coefficients for Equations (1)-(2)

Add one more digit for the highlighted values (i.e. need 5 digits after the decimal point if the

integer digit is 0)

Model Ao A19v Azzv A37v A52v B19v Bzzv B37v Bszv
q,(GM) 1423.34 0.46967 | 043401 | -0.92292 | —11.494 | —0.00071 | -0.00072 0.00155 0.02336
q,(HLM) -127.10 -0.21113 | 0.71712 | —0.78268 1.1918 0.00062 —0.00139 0.00153 —0.00222
T (GM) —389.96 0.48775 0.75817 | -1.3532 2.8253 —-0.00093 | —0.00156 0.00265 —0.00463
T (HLM) —624.73 -1.7726 1.4135 —1.4004 6.1955 0.00459 —0.00299 0.00268 -0.01220

39
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Table 5. Regression coefficients for Equations (4)-(5)

Model Ao A19v A22v A37v By, B B37v ASST B SST
q,(GM) 20.773 1.0004 0.68113 1.0004 | -0.00166 | —0.00100 | 0.00306 N/A N/A
q,(HLM) 36.335 | —0.48568 | 0.93744 | —0.4857 | 0.00123 —0.00180 | 0.00157 N/A N/A
T (GM) —14.114 | 0.06469 1.4800 -1.4004 | 0.00003 —0.00293 0.00271 0.36543 | 0.00989
T (HLM) 170.11 -2.6251 2.0226 —-1.2309 | 0.00660 | —0.00433 | 0.00261 1.2728 0. 02_62 6

40
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Define the polynomial regression model for g, and T:

4
qa = Z(ao + a1 mThm + azm (Tbm)z)
m

4
Toi= Z(b0 + bymThm + by (Thy)?) + ¢1SST + ¢, (SST)?
m
where m=1,...,4 denotes the Tb measurements from the 4 channels: 19v, 22v, 37v, and
52v GHz. The @’s, b’s, and c’s are the regression coefficients that are to be determined.

Assemble buoy measurements of g, and T, at Assemble Tb retrievals from SSMIS F17 and
2m made in 2010 at the 125 locations AMSU-A N15in 2010

Collocate F17 and N15 with buoy within a
time and space window of 90 mins and 50 km

Determine the regression coefficients of the high-
latitude model (HLM) using the 2,157 tri-collocations
derived at the 4 high-latitude buoys.

Determine the regression coefficients of the global
model (GM) using the 17,975 tri-collocations derived

at the 125 buoy locations.

Produce the GM-based g, and T, daily time series Produce the HLM-based g, and T, daily time series
for the 1988-2016 period. for the 1988-2016 period.

Merge the GM- and HLM-based time series according to the following scheme:
x(GM), if x > xl
x = {x(HLM), ifxiSxu

x(GM)Xa + x(HLM)X(1- a), if xl<x<xu

where x denotes g, or T,. We define a=(x — x/)/(xu — x/), where X is the average of x(GM) and
x(HLM), and xu(x/) is the upper (lower) bound of the transition zone. For q,, x/=8 and xu=10 g kg™.

For T, x/=14 and xu=17"C.

Daily time series of g, and T, at 2m

766
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